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Acoustic metamaterials have exhibited extraordinary possibilities to manipulate 
the propagation of the sound wave. Up to now, it is still a challenge to control the 
propagation of the sound wave in an arbitrary pathway of a network. Here, we design 
a symmetry breaking cross-shape metamaterial comprised of Helmholtz resonant cells 
and a square column. The square column is eccentrically arranged. The sound wave 
can quasi-lossless transmit through channels along the eccentric direction with 
compressed spaces, which breaks through the general transmission phenomenon. This 
exotic propagation characteristic is verified by the band structure and the mode of the 
metamaterial. Two acoustic networks, including a 2x2 network and an 8x8 network, 
show that the sound wave can quasi-lossless propagate along various arbitrary 
pathways, such as the Great Wall shape, the stair step shape and the serpentine shape, 
by reconfiguring eccentric directions. This ability opens up a new venue to route the 
sound wave and exhibits promising applications, from the acoustic communication to 
the energy transmission. 
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The acoustic metamaterial is a periodically distributed artificial structure with the 
ability to manipulate the propagation of the sound wave, and has presented a 
promising application such as acoustic cloaking
1-3
, supertunneling
4,5
, superlensing
6-8
 
or logic gate
9,10
. The important characteristic of the acoustic metamaterial is its 
forbidden band gap. Up to now, there are two main mechanisms responsible for the 
generation of the forbidden band gap. One is the Bragg scattering in the composite 
material with periodic variations of the material density and the elastic modulus. The 
other one is the local resonance
11
, which greatly promotes the development of the 
locally resonant acoustic metamaterial. The common locally resonant acoustic 
metamaterials are the Helmholtz resonator
12-15
, the tensioned membrane
16-19
 and the 
mass-and-spring system
20,21
. It is worth noted that an entirely novel class of 
electromagnetic metamaterial with the topological edge state has been recently 
developed
22,23
. Inspired by the electronic edge states occurring in the topological 
insulators, the concept of the topological acoustic has been proposed
24
 and the 
phenomenon of disorder-free one-way sound propagation has been demonstrated
25
. 
What's more, a phononic metamaterial with a topologically protected elastic wave that 
was robust against scattering from discrete defects and disorders was constructed
26
. 
These developments inspired us that we could try to control the elastic wave in an 
arbitrary pathway by utilizing acoustic metamaterials.  
Lossless transmission has important applications in signal transmissions
27
. Due 
to the existence of the energy dissipation, a lossless transmission seems to be 
impossible. But the extremely small transmission loss, namely the quasi-lossless 
transmission, can be achievable
28-30
. In order to realize the quasi-lossless transmission, 
an electromagnetic metamaterial with super-tunneling, namely the epsilon-near-zero 
metamaterial was presented
31
. It was demonstrated that the epsilon-near-zero 
metamaterial can be used to squeeze the electromagnetic energy through a narrow 
subwavelength waveguide. Subsequently, experiments were carried out to 
demonstrate that electromagnetic metamaterials with an electric permittivity near zero 
could present pass gaps with high efficient transmissions
32,33
. Analogous to 
electromagnetic metamaterials, acoustic metamaterials with supertunneling have also 
been developed
4,5,34
. The energy transmission of acoustic wave through a narrow 
channel filled with metamaterials can be up to 87.5%, while it will be reduced to 3% 
for the case without metamaterials
34
. It indicates that the acoustic metamaterial has a 
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great promising application value in the high efficient transmission and provides a 
wonderful opportunity for the quasi-lossless transmission. 
Symmetry breaking is a significant approach that has been utilized to design the 
extraordinary metamaterial
35,36
. By breaking the symmetry of the coupled split-ring 
resonator system, one could excite a dark resonant mode that was not easily accessible 
in a symmetric split-ring resonator structure
37
. Similarly, by breaking the four-fold 
rotational symmetry of the tetragonal URu2Si2, an in-plane anisotropy of the magnetic 
susceptibility emerged. These two significant discoveries exhibit that the symmetry 
breaking is conducive to investigate the “hidden” properties of metamaterials. 
Spontaneous symmetry breaking in torsional chiral magneto elastic structures can lead 
to a giant nonlinear polarization change, energy localization and mode splitting, and 
provides a new possibility to create an artificial phase transition in metamaterials
38
. 
Recently, a semi-analytical model breaking the symmetry of the spatial arrangement 
of single resonant cells was presented
8
. It was demonstrated that a single negative 
metamaterial could be turned into a double negative one by judiciously breaking its 
symmetry. More recently, some researchers discovered that the negative permeability 
band could be enlarged by breaking the structural symmetry of a conventional cut-
wire-pair metamaterial
39
. Inspired by the above explorations of symmetry breaking, 
we intend to design a symmetry breaking metamaterial for the quasi-lossless 
transmission of the sound wave in an arbitrary pathway of network. 
In this paper, we design a cross-shape metamaterial comprises of Helmholtz 
resonant cells and a square column. The symmetry of the cross-shape metamaterial is 
broken due to the eccentric arrangement of the square column. We calculate the 
transmission properties of the symmetry breaking cross-shape metamaterial by 
employing the finite element method. The results show that the sound wave can 
transmit through channels along the eccentric direction with compressed spaces, 
which breaks through the general transmission phenomenon. We also investigate two 
acoustic networks (namely a 2x2 network and an 8x8 network) consisting of cross-
shape metamaterials. The results show that the eccentric cross-shape metamaterial can 
produce an excellent propagation of the sound wave in an arbitrary pathway of a 
network. 
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Results and discussions 
Symmetry breaking acoustic metamaterial. Fig. 1a shows a cross-shape 
metamaterial with a centric square steel column. The side length of the square cavity 
is 6d. The length and width of the rectangular channel are respectively 4d and 2d. A 
square column is inserted in the center of the cross-shape metamaterial, and the length 
of the square is l0. In order to break the symmetry of the cross-shape metamaterial, we 
replace the centric square column with an eccentric one, as shown in Fig. 1b. The 
length of the square is le. The red arrow represents the eccentric direction. Due to the 
eccentric arrangement of the square column, the top space and the right space of the 
square cavity are compressed. The square cavity and four rectangular channels are 
filled with uniformly distributed unit cells. The unit cell is consisted of 8 triangular 
Helmholtz cavities, as shown in Fig. 1c. The periodic constant of the unit cell is d. 
The side length of the unit cell is a. Width and length of the short neck of the 
Helmholtz resonator are respectively b and c. Thickness of the wall between two 
adjacent Helmholtz resonators is t. The unit cell is made of metal that can be assumed 
as rigid.  
a
b
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b
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Figure 1 | Schematic diagrams of cross-shape metamaterials. (a) The cross-shape metamaterial with 
a centric square steel column. l0=45mm, d=25mm. (b) The cross-shape metamaterial with an eccentric 
square column. The red arrows represent the eccentric direction. le=48mm. (c) The unit cell. a=20mm, 
b=1mm, c=1mm and t=1mm. 
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Transmission characteristic of the symmetry breaking cross-shape 
metamaterial. As shown in Fig. 2a and 2b, because of the symmetry of geometric 
structures, the transmission coefficients in the left and right channels are equivalent. 
Fig. 2b shows that for the symmetrical cross-shape metamaterial, the transmission 
coefficients of the left, the bottom and the right channels in the frequency range 
[3980Hz, 4030Hz] are much less than 1. Namely, the sound pressure almost cannot 
transmit from the top channel to the other three ones. For the symmetry breaking 
cross-shape tube without unit cells, it can be found from Fig. 2c that the transmission 
coefficients of the right and left channels are not equivalent because of the eccentric 
arrangement of the square column. The transmission coefficient of the sound wave 
from the top channel to the right one is less than the transmission coefficient to the 
left one, as the right space is narrower than the left one. For the symmetry breaking 
cross-shape metamaterial, Fig. 2d shows that the transmission coefficients of the left 
and bottom channels in the frequency range [3980Hz, 4030Hz] are much less than 1. 
Excitingly, the transmission coefficient of the right channel sharply increases. At 
frequencies 3995Hz and 4026Hz, the transmission coefficient exhibits two peaks with 
values 97.7% and 98.8%. Namely, the sound wave can almost perfectly transmit from 
the top channel to the right one at 3995Hz and 4026Hz. Similar to Fig. 2c, Fig. 2e 
shows that without unit cells, the sound wave can transmits from the left channel to 
the other three ones with less transmission coefficients. Furthermore, the transmission 
coefficient of the sound wave from the left channel to the top one is less than the 
transmission coefficient to the bottom one, as the top space is narrower than the 
bottom one. Fig. 2f shows that the transmission coefficients of the top, bottom and 
right channels in the frequency range [3980Hz, 4030Hz] are much less than 1. It 
indicates that the sound wave almost cannot transmit from the left channel to the other 
three ones. 
From the discussion presented above, we can obtain that the symmetry breaking 
cross-shape metamaterial can efficiently transmit sound energy between the top and 
right channels. Namely, with the support of the symmetry breaking cross-shape 
metamaterial, the sound wave can well transmit through channels with compressed 
spaces along the eccentric direction. Conversely, without metamaterials, the 
transmission coefficient of the sound wave transmitting through channels with larger 
spaces is larger than that with compressed spaces. Thus, the symmetry breaking cross-
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shape metamaterial breaks with the general transmission characteristics of the sound 
wave.  
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Figure 2 | Transmission coefficients and sound pressure field distributions at 3995Hz. The red 
arrow represents the eccentric direction. (a) and (b) Transmission coefficients of the symmetrical 
cross-shape tube without resonant unit cell and the symmetrical cross-shape metamaterial. The sound 
wave is incident from the top channel. (c) and (d) Transmission coefficients of the symmetry breaking 
cross-shape tube without resonant unit cell and the symmetry breaking cross-shape metamaterial. The 
sound wave is incident from the top channel. (e) and (f) The sound wave is incident from the left 
channel. The sound pressure field distributions of six cases at 3995Hz are plotted in (a)-(f) 
Modal analysis of the symmetry breaking cross-shape metamaterial. In order 
to explore the mechanism of the extraordinary transmission characteristics, we 
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calculate the mode of the symmetry breaking cross-shape metamaterial. As shown in 
Fig. 3, the symmetry breaking cross-shape metamaterial has two modes at 3989Hz 
and 4021Hz. In both modes, we can note that the top channel and the right channel are 
interconnected. It indicates that the sound wave can freely transmit between the top 
channel and the right channel. However, except of this pair of channels (top-right), the 
propagation of the sound wave between the other pairs of channels (such as top-down, 
top-left, left-top, et al.) is truncated. This phenomenon is tallied with the results 
presented in Fig. 2. 
max
0
a b
max
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Figure 3 | Modes of the symmetry breaking cross-shape metamaterial at 3989Hz (a) and at 
4021Hz (b). 
The band analysis of the symmetry breaking cross-shape metamaterial. The 
band structures of the centric cross-shape metamaterial and the symmetry breaking 
cross-shape metamaterial are presented in Fig. 4. As shown in Fig. 4a, there are two 
complete band gaps [3966Hz, 4005Hz] and [4014Hz, 4038Hz] for the centric cross-
shape metamaterial. As shown in Fig. 4b, there are five narrow band gaps [3968Hz, 
3979Hz], [3982Hz, 3995Hz], [3999Hz, 4017Hz], [4021Hz, 4028Hz], and [4033Hz, 
4039Hz] for the symmetry breaking cross-shape metamaterial. By comparing Fig. 4b 
with Fig. 4a, we can find that the band gaps of the centric cross-shape metamaterial 
are broken, and two new pass gaps represented by the red lines are generated in the 
symmetry breaking cross-shape metamaterial. Namely, in the first band gap [3966Hz, 
4005Hz] (in Fig. 4a), a new pass gap [3995Hz, 3999Hz] (in Fig. 4b) is yielded. In the 
second band gap [4014Hz, 4038Hz] (in Fig. 4a), a new pass gap [4017Hz, 4021Hz] 
(in Fig. 4b) is yielded. In both pass gaps, the sound wave can transmit with a high 
efficiency. It should be noted that both pass gaps are in the vicinity of peaks of the 
transmission coefficient.  
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Figure 4 | The band structures of the centric cross-shape metamaterial (a) and the symmetry 
breaking cross-shape metamaterial (b). 
Transmission property of a 2x2 network. In order to further explore the 
transmission property of the symmetry breaking cross-shape metamaterial, we have 
performed the numerical simulation of a 2x2 network. The channels of the network 
are numbered from 1 to 8 in an anticlockwise direction, as shown in Fig. 5. By 
modulating eccentric directions, the sound wave can transmit through various 
channels. When the eccentric direction of the metamaterial 1 is the upper-right corner, 
its top and right channels are interconnected. When the eccentric direction of the 
metamaterial 2 is the left-bottom corner, its left and bottom channels are 
interconnected. When the eccentric direction of the metamaterial 3 is top-left corner, 
its top and left channels are interconnected. When the eccentric direction of the 
metamaterial 4 is the right-bottom corner, its right and bottom channels are 
interconnected. In this case, the sound wave can transmit from the channel 1 to the 
channel 4 by passing through all metamaterials, as shown in Fig. 5a. When the 
eccentric direction of the metamaterial 3 is the top-right corner, its top and right 
channels are interconnected. In this case, the sound wave cannot transmit to the 
metamaterial 4. Instead, the sound wave will transmit to the channel 6, as shown in 
Fig. 5b. When the eccentric direction of the metamaterial 2 is the left-top corner, its 
left and top channels are interconnected. In this case, the sound wave cannot transmit 
to the metamaterial 3. Instead, the sound wave will transmit to the channel 8, as 
shown in Fig. 5c. When the eccentric direction of the metamaterial 1 is the upper-left 
corner, its top and left channels are interconnected. In this case, the sound wave 
cannot transmit to the metamaterial 2. Instead, the sound wave will transmit to the 
channel 2, as shown in Fig. 5d. Results in Fig. 5 indicate that with a deliberate 
 9 
 
arrangement of eccentric square column, the sound wave can transmit from an odd 
channel to any even channel, and vice versa.  
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Figure 5 | Sound pressure field distributions of a 2x2 network at 3995Hz. The red arrows 
represent the eccentric directions. The sound wave is incident from the channel 1. (a) The export 
is the channel 4. (b) The export is the channel 6. (c) The export is the channel 8. (d) The export is the 
channel 2. 
Transmission property of an 8x8 network. An 8x8 network consisted of sixty-
four components is investigated. The quasi-lossless transmission of the symmetry 
breaking cross-shape metamaterial allows an ideal reflection-less routing along 
arbitrarily defined pathways, by simply modulating the square column. To confirm the 
possibility of such arbitrary routing, we have generated three typical pathways shown 
in Fig. 6. Fig. 6a shows that the sound wave can propagate in the acoustic network 
along the Great Wall shape pathway. Fig. 6b presents that the sound wave can 
propagate in the acoustic network along the diagonal pathway, like stair steps. Fig. 6c 
presents that the sound wave can propagate in the acoustic network along the 
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serpentine pathway. Indeed, the pathway of the sound wave can be further 
reconfigured by modulating eccentric directions.  
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Figure 6 |  Sound pressure field distributions of an 8x8 network at 3995Hz. (a) Pathway with the 
Great Wall shape. (b) Pathway with the stair steps shape. (c) Pathway with the very serpentine shape. 
Conclusion 
To conclude, we design a symmetry breaking cross-shape metamaterial to 
achieve quasi-lossless transmission in an arbitrary pathway of a network. It 
demonstrates that the sound wave can propagate through channels along the eccentric 
direction with compressed spaces, which breaks with the general transmission 
phenomenon. Two simulations, including a 2x2 network and an 8x8 network, show 
that the symmetry breaking cross-shape metamaterial has the ability to produce a 
quasi-lossless propagation of the sound wave along arbitrarily defined pathway by 
reconfiguring eccentric directions. Based on these outstanding properties, we can 
envision unprecedented potentialities to route the sound wave, achieving excellent 
propagation characteristics. We believe that quasi-lossless transmission concepts can 
enormously expand the engineering toolkit of modern acoustic devices, and open up a 
new versatile venue to control the propagation of the sound wave.  
Method 
Finite elements simulations. The simulation was performed with the commercial 
finite element analysis solver Comsol Multiphysics. The condition of narrow region 
acoustics in acoustic pressure module was selected to investigate the propagation 
characteristics. The incident sound pressure is a plane wave. The boundary conditions 
of the channels were set to the plane wave radiation boundary. The mode and band 
structures were also obtained by solving the eigenvalue problem derived from the 
finite element analysis solver Comsol Multiphysics. The boundary conditions of the 
cross-shape metamaterials were set to the Floquet periodicity conditions.  
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